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ABSTRACT
Various studies in the biomechanics field have been conducted to analyze the aortic
valvular disease and develop prosthetic heart valves. Optimization is an efficient solution to
improve prosthetic heart valve performance. This thesis aims to optimize the bioprosthetic
heart valve design to increase the coaptation area during the diastole and the orifice area
during the systole. Large coaptation area prevents some possibilities of aortic regurgitation,
and large orifice area increases the blood flow efficiency from the left ventricle to the aorta.
The proposed solution for optimizing aortic heart valve design includes the surrogate man-
agement framework, which is a derivative-free pattern search optimization method, and
isogeometric analysis, which is a method that tightly integrates geometric modeling and
analysis. This combined approach significantly improves the optimization efficiency using
high-fidelity analyses. In this study, the optimized design improves the coaptation area by
40% and the orifice area by 3% in comparison to the baseline design.
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CHAPTER 1. INTRODUCTION
Numerous researches have been conducted experimentally or computationally to analyze
valvular heart diseases, and it is already one of the popular research areas from medical
device industry [11, 13, 24, 29]. In terms of aortic heart valve, there are two typical types
of disease: insufficiency and stenosis. In the first case, the leaflets of aortic valve are
not properly sealed during the closing, which causes blood flow regurgitation from the
aorta to left ventricle [2]. In the second case, the leaflets are gradually narrowing the
the opening of the valve due to the calcification, which reduces the blood flow ejection [2].
One of the popular medical treatments for this problem is prosthetic valve replacement [38].
Approximately 90,000 valve replacement are now implanted in the United States and 280,000
worldwide each year [39]. The most common type of replacement of prosthetic valves are
bioprosthetic heart valves (BHVs), which consist of chemically-treated soft tissue that is
sutured to a rigid stent [43].
This thesis examines to optimize the BHV design with larger coaptation area (CA)
during ventricular diastole and larger orifice area (OA) during ventricular systole in order
to replace the HBV with a better design. CA is defined by how much each leaflet contacts
against other two leaflets during the diastole period. If the three leaflets are not properly
sealed during the diastole, aortic regurgitation occurres. It imples that some of the blood,
which is already ejected from to the left ventricle, has leaked back to the heart, which
increases ventricular workload [2]. OA is defined as aortic valve aperture during systole
period. Reduction in OA increases transvalvular pressure gradient and makes it more
difficult to transport the blood flow from left ventricle to the body. This increases the left
ventricular afterload [12]. Hence, larger CA and OA are preferable to prevent from aortic
regurgitation and reduce the transvalvular gradient. In this thesis, isogeometric analysis
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(IGA), which is high-fidelity analysis, and surrogate management framework (SMF), which
is derivative-free optimization method, are used to optimize the BHV design to increase CA
and OA.
The concept of isogeometric analysis (IGA) was introduced by Hughes et al. [19], which
is a computational method that combines with finite element analysis and computer aided
design (CAD). Generally, in finite element, construction of geometry is costly and time
consuming because it takes more than 80% of overall analysis time to create CAD geometry
and covert the geometry to use finite element analysis models [19]. However, in IGA,
geometry is represented exactly by using NURBS as a basis function, and this basis function
is used in solution field as well. Therefore, IGA is similar with the finite element analysis,
but it integrates finite element analysis into NURBS based CAD design tool. In addition to
increase the efficiency of representing the geometry, IGA significantly improves the accuracy
of the solution field. This study was proven by Morganti et al. [37] who found that IGA
produces overwhelmingly accurate simulation results of aortic valve closure in comparison
to traditional finite element analysis. At the same time, it efficiently performs the aortic
valve model construction and mesh refinement.
As the number of patients with cardiovascular disease are increasing, optimization may
be a useful method to improve surgical techniques and design medical devices. Among a va-
riety of cardiovascular optimization categories, shape optimization such as BHVs, stents, or
blood pump may increase the durability, efficiency, or performance of the device [32]. How-
ever, one of the challenges of shape optimization is returning to CAD model from a mesh
after the computation. This can disturb the objectives of optimization [22]. Integrating
IGA, which is tightly coupled between geometry and analysis, with shape optimization can
be one of the solutions to cope with this challenge [14]. In this work, surrogate management
framework (SMF) using IGA was employed to optimize BHV design. It is a derivative-free
optimization including pattern search method, which was introduced by [8]. A variety of
engineering fields (i.e., optimization of aeroacoustic [34, 35, 36] and cardiovascular prob-
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lems [30, 32, 33]) is used this method to optimize engineering design problems that require
computationally expensive functions with no gradient information.
When optimizing BHV design, computation time is one of the important considerations
in accelerating optimization process. Computationally expensive simulation will produce
more accurate results, but it takes extremely longer time to optimize the design. From
this study, correlation coefficient is used to compare the correlation between computation-
ally expensive and less expensive simulations to see the possibility of using less expensive
simulation for optimizing the BHV design.
Most engineering problems have multiple objectives to optimize the problem, i.e., mini-
mizing mass and cost or maximizing durability and performance, etc. However, in general,
for multiple objective optimization problems, the objectives are conflicting or preventing
each other from optimizing each objective simultaneously [27]. One of the most common
approaches to deal with this problem is using weighted sum method [31]. In this work, this
method is used to optimize the BHV design, and the weight is calibrated to optimize both
CA and OA simultaneously.
The reminder of this thesis is organized as follows: Chapter 2 introduces the govern-
ing equations, SMF optimization algorithm with objective function,and parameterization
of BHV design. Additionally, this chapter explains how to compute the CA and OA, and
compare correlation between computationally expensive and less expensive simulations in
order to accelerate the optimization process. Chapter 3 presents the details of calibrating
the weight of the objective function, simulation correlation study and displays the optimiza-





Fluid-structure interaction (FSI) techniques for BHV simulation consist of BHV leaflets,
deformable artery wall, and blood flow. The FSI techniques are coupled with immersogeo-
metric framework to deal with complex deformation of the leaflet during the opening and
closing [17, 18, 23]. This allows the discretization of BHV leaflet to move independently of
the surrounding fluid mesh [18].
The leaflets of BHV are modeled as thin shell structure by using rotation-free hypere-
lastic Kirchhoff-Love formulation [25] with anisotropic Lee-Sacks material model [28, 44].
The BHV leaflets are discretized isogeometrically as in [18, 25]. The motion of the moving
arterial wall due to the blood flow is governed by large-deformation elastodynamics written
in the Lagrangian frame [5]. The discretization of arterial wall is achieved by IGA.
The blood flow is governed by Navier-Stocks equation of incompressible flow in mov-
ing fluid domain results from deformable arterial wall. This is handled by using Arbitrary
Lagrangain Eulerian (ALE) formulation [10], which is widely used for blood flow appli-
cations [6, 7, 15]. ALE Navier-Stocks equation is numerically solved by using variational
multiscale (VMS) formulation [20]. VMS formulation can be interpreted both as a stabiliza-
tion method [9, 41, 42] and a large-eddy simulation (LES) turbulence model [16, 20, 21].
Compare to classical finite element analysis, ALE-VMS formulation combined with IGA
produces significantly accurate and stabilized simulation results for BHV simulation [3].
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2.2 SMF Optimization Algorithm
The surrogate management framework (SMF) is a derivative-free pattern search opti-
mization method that has been utilized for optimizing engineering design problems such as
aeroacoustic [34, 35, 36] and cardiovascular [30, 32, 33] problems. The SMF is a mesh-based
technique and it increases efficiency by using a surrogate function to deal with an expensive
function evaluation [32]. The SMF algorithm is consist of Search step and Poll step. All
the points where the cost function J is evaluated in the SMF algorithm must lie on a mesh
M .
For initial sampling points, Latin hypercube sampling (LHS) is used to generate the
initial sets of design variables. In Search step, the Kriging method is used to construct the
surrogate model, which is interpolating all previously performed cost function evaluations.
For Search step, it analytically find the minima point of current surrogate model and provide
a new trial point, which is the closest mesh point to the minima point of current surrogate
model. Search step is considered as successful if the improved cost function value is obtained
from the trial point. If Search step is successful, it coarsen the mesh M and perform another
Search step. If Search step in not successful, then it goes to Poll step.
In Poll step, cost functions are evaluated, where the trial points are close to current best
design point within mesh M . New sets of trial points in Poll step are generated by mesh
adaptive direct search (MADS) [1], which is increasing number of possible search directions
as the mesh M becomes more fine. For MADS, up to n+ 1 sets of trial points, where n is
the number of variables, are provided to find the better design. The details about MADS
can be found in [1]. Poll step is considered as successful if the improved cost function value
is obtained from one of the trial points sets. If Poll step is successful, it coarsen the mesh
M and perform the Search step. If Poll step in not successful, then it refine the mesh M
and perform the Search step.
The flowchart of SMF algorithm is shown in Figure 2.1 and summarized as following.
The set of initial sampling points in the initial mesh is noted as M0, the mesh at iteration
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k is Mk, and the current best point is noted as xk. The initial sampling points on the mesh
M0 are generated by LHS and evaluate J at these points, then



































Figure 2.1: SMF algorithm flow chart
1. Search
(1) Construct the surrogate model using all previous evaluations of J .
(2) Perform optimization on the surrogate model to identify a finite set Tk of trial
points at the minima points.
(3) Evaluate J(xtrial) for all trial points xtrial ∈ Tk ⊂Mk.
(4) If, for any trial point xtrial in Tk, J(xtrial) < J(xk), a lower cost function value has
been found, the Search is successful and coarsen the mesh Mk. Increment k and
go back to Search
(5) Else, if no trial point in Tk improves the cost function, Search is unsuccessful.
Increment k and go to Poll.
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2. Poll
(1) Choose a set of positive spanning directions, and form the poll set Xk as the set
of mesh points adjacent to xk in these directions.
(2) If J(xpoll) < J(xk) for any point xpoll ∈ Xk ⊂Mk, then a lower cost function has
been found, the Poll is successful, and coarsen mesh Mk. Increment k and go to
Search.
(3) Else, if no point in Xk imrpoves the cost function, Poll is unsuccessful.
i. If convergence criteria are satisfied, a converged solution has been found.
Stop.
ii. If convergence criteria are not satisfied, refine mesh Mk. Increment k and go
to Search step.
2.3 Objective Function
The main objective of this optimization problem is to increase the CA and OA while
diastole and systole period. For multiple objective optimization problem, formulating the
objective function and choosing appropriate weight are important in optimizing both ob-
jectives simultaneously. The details of calibrating and choosing weight for this objective







+ (1− w) OR
Baseline OR
)
subject to 0 ≤ X1 ≤ 1,
0.5 ≤ X2 ≤ 1.1,
−0.5 ≤ X3 ≤ −0.1
(2.1)
where w is the weight of objective function, CR and OR are CA ratio and OA ratio, and
both ratios are calculated by dividing total leaflet area to CA and OA. To optimize BHV
design with larger CA and OA than baseline design, the objective function is normalized
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by dividing CA and OA of baseline design (The baseline design is modeled by imitating
the BHV design, which is widely used for medical device industry). In order to optimize
both area simultaneously, the size of total leaflet area is the important factor to consider.
The BHV design with large CA can be obtained by increasing the size of total leaflet
area because each leaflet has more area to contact each other. However, large total leaflet
area significantly reduces the OA because it generates a huge curve at the belly region of
the leaflet during the opening and narrows down the OA. Hence, to prevent from getting
extremely large total leaflet area, area ratio is used for CA and OA.
2.4 BHV Parametric Design
To optimize BHV design, we parametically design BHV to increase OA and CA. BHV
design is modeled by quadratic NURBS surfaces, and the diagrams of how the height and
belly region of BHV design are parametrically designed are shown in Figure 2.2. This BHV
design is inspired from [45], and it is parametrically designed as follows. The blue curves
are fixed edges which are attached to the BHV stent, the red line is the free edge of the
leaflet, and the green line is the belly curve of the leaflet. Choosing appropriate variables to
optimize BHV design is an important step to achieve objective of optimization. Thus, we
chose three variables which are the key points to control the CA and OA of BHV. Variable
X3 (red point) is located at the middle point of the upper edge of the leaflet. It controls the
height of the leaflet and moves along the Z-direction. Variables X1 and X2 (green point)
control the curvature of the belly curve (green line). X1 moves along the Z-direction, and
X2 moves along the radial direction (moving either inward or outward from the leaflet).
The baseline design and three valve design examples with different variables are shown in
Figure 2.4.
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Figure 2.2: Parametric design diagram
(a) (b) (c) (d)
Figure 2.4: Parametric design example. (a) is baseline design, (b) is changing X1 variable
to downward, (c) is changing X2 variable to outward from the leaflet, and (d) is changing
X3 variable to downward
2.5 Computation of CA (Coaptation Area) and OA (Orifice Area)
CA is defined as how much each leaflet contacts against the other two leaflets during
the diastole period. Aortic regurgitation, the blood flow leaking from aorta to left ventricle
during diastole, occurs when the three leaflet insufficiently contact each other during the
diastole period. This may affect the workload of left ventricle. Hence, large CA is preferable
to prevent from aortic regurgitation. The CA is calculated directly within our contact
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algorithm by summing over the quadrature points where contact occurs [45]. Illustration
of CA is shown in Figure 2.6a
OA is defined as the aortic valve aperture during systole period. Small OA increases the
transvalvular pressure gradient, so it affects on the left ventricular afterload [12]. Therefore,
larger OA is preferable to increase the efficiency of blood transportation from left ventricle to
aorta. OA is calculated by projecting the top view of BHV to horizontal plane. Illustration





Figure 2.6: Illustration of coaptation area and orifice area
2.6 Simulation Correlation Study
Optimizing HBV design with computationally expensive simulation will produce accu-
rate results, but it takes a lot of time to optimize the design. Sometimes it takes more
than a month to produce optimal design. To accelerate the optimization process, it needs
to use less computationally expensive but accurate and suitable simulation to meet the
objective of optimization. For BHV simulation, there are two types of simulation: FSI
simulation and structural simulation. FSI simulation applies inlet and outlet of periodic
ventricular pressure to the artery. Structural simulation applies periodic transvalvular pres-
sure (pressure difference between left ventricle and aorta) to the leaflet. FSI simulation is
more physiologically realistic than structural simulation. It produces more accurate re-
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sults, but it is computationally expensive than structural simulation. However, only for
computing CA and OA, fully closed and opened behaviors at peak diastole and systole
pressure are necessary. Therefore, not only using the periodic pressure, but also applying
constant peak diastole and systole pressure are affordable for both simulations. Among 4
different BHV simulations: FSI-periodic pressure simulation, FSI-constant pressures simu-
lation, structural-periodic pressure simulation and structural-constant pressure simulation,
FSI-periodic pressure simulation is the most accurate simulation, but it takes a lot of time
to get the results. Hence, correlation coefficient between FSI-periodic pressure simulation
and other three simulations is calculated to use less computationally expensive simulation
and to accelerate the optimization process.
2.6.1 Correlation coefficient
Correlation coefficient is a statistical method that is used to measure of how closely two
different variables are related each other. The strength of correlation coefficient is between
−1 to +1. As two variables have stronger correlation each other, the correlation coefficient
























(xi − x̄)2 (2.4)
N is the sample size, xi and yi are the individual sample points, x̄ and ȳ is the mean of
each sample point, and Sx and Sy are standard deviation of each sample.
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2.6.2 FSI simulation and structural simulation setup
In the FSI-periodic pressure simulation, physiologically realistic left ventricular pressure
is applied to inlet of artery fluid domain. Figure 2.7 shows the arterial wall with the
immersed BHV into fluid domain, and Figure 2.8 shows the left ventricular pressure profile,
which is obtained from [46]. The blood flow density and viscosity are set to 1.0 g/cm3
and 3.0 × 10−2 g/(cm s), respectively. The period of applied pressure cycle is 0.86 s. At
the outlet of artery, traction −(p0 + RQ)n is applied, where p0 is a constant physiological
pressure level, R is resistance constant, Q is volumetric flow rate through the outlet, and n
is normal vector that is facing outward of the fluid domain. From this simulation, we set
p0 = 80 mmHg and R = 70 (dyn s)/cm
5. The arterial wall is modeled as a neo-Hookean
material with dilatational penalty [4, 40], where the shear and bulk modulii of the model
are selected to produce a Youngs modulus of 1.0 × 107 (dyn s)/cm2 and Poissons ratio of
0.45 in the small-strain limit. The density of arterial wall is set to 1.0 g/cm3. To model the
interaction of the artery with surrounding tissue and interstitial fluid, damping is applied
to artery [18]. For BHV, the strain-energy density function in the leaflet is described using










+ (1− δ)ec3(I4−1)2 − 1
)
(2.5)
where the c0, c1, c2, c3 are material properties that determines the level of anisotropy. The
details of anisotropic Lee− Sacks model can be found in [44]. The density of leaflet is
1.0 g/cm3 and the thickness is set to 0.0386 cm.
For FSI-constant pressure simulation, except inlet pressure profile, all the simulation
setups are same with FSI-periodic pressure simulation. Peak systole pressure, which is
125 mmHg, is constantly applied to inlet of artery to open the BHV. Peak diastole pressue,
which is 0 mmHg, is constantly applied to inlet of artery to close the BHV. The time step
size for both FSI-periodic and constant simulation is 1.0× 10−4 s.
In the structural-periodic pressure simulation, transvalvular pressure, which is the pres-
sure difference between left ventricle and aorta, is applied from the aorta to normal surface
13
h
f = - p
0
+ RQ( )n
y ×n = 0
h




Figure 2.7: A view of the arterial wall and lumen into which the valve is immersed
Figure 2.8: Left ventricular fluid pressure profile at the inlet of the fluid domain
of each leaflet. The period of applied pressure cycle is 0.86 s. The transvalvular pressure
profile is shown in Figure 2.9, which is obtained from [26]. Damping is used to model the
viscous and inertial resistance of the surrounding fluid [18].
For Structural-constant pressure simulation, except transvalvular pressure profile, all
the simulation setups are same with structural-periodic pressure simulation. Transvalvular
pressure at peak systole period, which is 3.2 mmHg, is constantly applied to leaflet to open
the valve. Transvalvular pressure at peak diastole period, which is -80 mmHg, is constantly
applied to leaflet to close the valve. The time step size for both Structural-periodic and
constant simulation is 1.0× 10−4 s.
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Figure 2.9: Transvalvular pressure for structural-periodic simulation
15
CHAPTER 3. RESULTS
3.1 Simulation Correlation Study
When optimizing BHV design, computation time is an important factor to accelerate
the optimization process. Among 4 different BHV simulations (FSI-periodic simulation,
FSI-constant pressure, structural-constant pressures and structural periodic pressure), FSI-
periodic pressure is the most accurate but expensive simulation. In this section, correlation
coefficients between FSI-periodic simulation and other three simulations for CA and OA are
compared. Correlation graphs for CA and OA are shown in Figure 3.1. 50 data points are
used to plot the graph and calculate the correlation coefficient. The correlation coefficients
for each simulation are close to or above 0.9 for CA and OA, which means all 3 simulations
have strong correlation with FSI-periodic simulation.
Coaptation area







Figure 3.1: Correlation graphs with 50 data points
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Coaptation area







Figure 3.2: Correlation coefficient of each simulation from 10 data points to 50 data points
For correlation coefficient, generally it needs at least more than 100 or 200 data points to
verify the correlation. However, instead of collecting more than 200 data of CA and OA for
each simulation, how correlation coefficient varies from 10 data points to 50 data points for
each simulation is examined. Correlation coefficient convergence graphs for each simulation
are shown in Figure 3.2. It can observe that the correlation coefficient of structural-periodic
pressure simulation for orifice area is unstable, but other than structural-periodic pressure
simulation for orifice area, the correlation coefficients are constantly close to 0.95 from 10
data points to 50 data points.
The summary of correlation coefficient for each simulation are shown in Table 3.1
and 3.2. The correlation coefficients for each simulation are close to or above 0.9 for CA
and OA. While comparing the computation time for each simulation, structural-constant
pressure simulation can produce the result, at least, 20 times faster than other simulations.
Therefore, this thesis uses structural-constant pressure simulation to optimize the BHV de-
sign. The comparison of the computation time for each simulation is shown in Table 3.3.
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Table 3.1: Correlation coefficient and percentage difference between FSI-periodic simulation
and other three simulation for CA
Structural-constant Structural-periodic FSI-constant
pressure simulation pressure simulation pressure simulation
Correlation
coefficient 0.9634 0.9659 0.9904
Table 3.2: Correlation coefficient and percentage difference between FSI-periodic simulation
and other three simulation for OA
Structural-constant Structural-periodic FSI-constant
pressure simulation pressure simulation pressure simulation
Correlation
coefficient 0.9370 0.8447 0.9617
Visualization of all simulations for opening and closing are shown in Figure 3.3. Com-
paring the closing behavior, the huge difference between the structural simulations and FSI
simulations is the edge of the leaflet. It contacts more at the edge of the leaflet than FSI
simulation. But the opening behaviors for all simulations are similar.
3.2 Weight Testing
This section investigates the calibration of the weight of objective function to increase
both CA and OA simultaneously, and presents the results of weight testing.
Table 3.3: Comparison of computation time for each simulation
Computation time
Structural-constant
pressure simulation 30 min
Structural-periodic
pressure simulation 10 hours
FSI-constant
pressure simulation 14 hours
FSI-periodic
pressure simulation 72 hours
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Structural - periodic 
pressure simulation
FSI – constant 
pressure simulation
FSI – periodic 
pressure simulation
Structural - constant 
pressure simulation
Figure 3.3: Visualization of each simulation for opening and closing
While optimizing BHV design, both objectives are conflicting each other when the CA
and OA are equally weighted. Thus, calibrating the weight is a necessary step to improve
both objectives simultaneously. 6 different weights from 0.1 to 0.5 are tested to find an
appropriate weight. For this weight testing, 10 initial sampling points are used to construct
the initial surrogate model, and are generated by Latin hypercube sampling. The Table 3.4
shows the CA and OA for optimal design of each weight testing case and the improvement
of both areas from baseline design (The CA and OA of baseline design are 1.0285 cm2 and
2.5630 cm2). CA is significantly improved from weight 0.35 to 0.5, but the OA started to
be decreased. From weight 0.1 to 0.2, OA is improved around 9%, but the CA is decreased.
Therefore, to avoid from conflicting each objective, 0.3 is the appropriate weight to optimize
BHV design.
Figure 3.5 shows the visualization of the baseline design, and weight testing results for
weight 0.1 and 0.5. Figure 3.5a - 3.5c show the baseline design, and optimal designs of
weight 0.1 and 0.5 case. The key variable to change the OA is X3, which controls the
height of the leaflet. OA is in inverse proportion to the height. As the height increases, OA
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Table 3.4: OA and CA for optimal design of each weighting case and the improvement of
CA and OA
w Coaptation area Coaptation area Orifice area Orifice area
(cm2) improvement (%) (cm2) improvement (%)
0.1 0.5678 -44.7768 2.7829 8.5773
0.2 0.8707 -15.4735 2.7679 7.9889
0.3 1.3528 31.5063 2.6469 3.2725
0.35 1.7120 66.4571 2.5496 -0.5251
0.4 1.8145 76.4202 2.4264 -5.3319
0.5 2.0329 97.6526 2.3097 -9.8845
decreases. The detail of each variable is explained in section 2.4. To increase CA, all three
variables (X1, X2, X3) are key factors. The height of the leaflet (controlled by X3), and
the curvature of belly region curve (controlled by X1, X2) should be increased to make the
leaflet larger and to increase CA. However, in order to increase both CA and OA, the height
of the leaflet and the curvature of the belly region need to be changed in a balanced way.
For example, if the belly region curve extremely increases, it causes a significant increase
of CA, however, it creates a huge curve at the belly region during the opening, and reduces
OA. Figure 3.5d - 3.5f show the opening behavior at peak systolic pressure, and 3.5g - 3.5i
show CA at peak diastolic pressure (Red region is CA). The weight 0.1 case has the lowest
height, which increases OA but decreases CA. The weight 0.5 case has both highest height
and curvature at the belly region. Thus, the height and the curvature increase the leaflet
size and CA but reduce OA.
Figure 3.7 shows the overlapped images between the baseline design and the weight 0.1
and 0.5 case. The grey transparent surface with black edge represents the baseline design,
and pink transparent surface with red edge represents the optimal design.
When the heart valve design is changed, strain can be also an important factor to con-
sider, because higher strain affects the lifetime of the leaflet. Strain contour for the baseline
design and the optimal design for the weight 0.1 and 0.5 cases are shown in Figure 3.8. Fig-





Figure 3.5: Baseline design and optimal design results for weight testing case of w=0.1 and
w=0.5
peak diastole and systole pressure periods. X-axis is strain range from 0.0 to 0.4, and the
range is divided by 4 sections. Y-axis is the percentage of element. Figures 3.10a and 3.10c
are strain distribution histograms during closing, and Figures 3.10b and 3.10d are strain
distribution histograms during opening. These strain contours and histograms shows that
even though the weight 0.1 and 0.5 cases behave significantly different than baseline design,
all three designs have similar strain distribution.
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To optimize BHV design, 50 initial sampling points are used, and are generated by Latin
hypercube sampling. Initial Latin hypercube sampling plan is shown in Figure 3.11. After
initial sampling points evaluation, total 63 objective functions are evaluated to find optimal
design. Figure 3.12 shows the initial sampling points evaluation, and SMF optimization
process. Red circles indicate initial sampling points, blue circles indicate search step, and
green circle indicate poll step.
3.3.2 BHV optimal design
Figure 3.13 shows baseline design and optimal design. The optimal design has lower
leaflet height than baseline design to increase the OA during the opening and it has higher
curvature at the belly region to increase the CA during the closing. Optimal design has
40% larger CA and OA is improved 3% than baseline design. Table 3.5 shows the size of
CA and OA and the improvement.
Figure 3.14 shows the the closing behavior at peak diastole period for baseline and
optimal design and the illustrations of CA. The optimal design has higher curvature at the
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Strain
Baseline 𝑤 = 0.5𝑤= 0.1
Figure 3.8: Strain contour for baseline design and optimal design of weight testing case of
weight 0.1 and 0.5 cases at peak diastole and systole period
belly region, and this make the total leaflet area larger than baseline design and increased the
coaptation area. Figure 3.15 shows the OA at peak systole pressure period and overlapped
image of baseline design and optimal design. The optimal design has slightly lower leaflet
height than baseline design to increase the OA. However, there is huge curve at the belly
region because optimal design has higher curvature to increase the CA.
Figure 3.16 and 3.18 show the strain contour for baseline and optimal design and his-
tograms of strain distribution of all elements in the leaflet. From Figure 3.14 and 3.15, we
observed that, both designs behave differently during the closing and opening. However,
the strain contours and strain distribution histograms at peak systole and diastole period
for both design are similar.
The purpose of increasing the orifice area is to reduce the transvalvular pressure gradient




Figure 3.10: Strain distribution histogram of all elements in the leaflet for baseline and
optimal design of w = 0.1 and w = 0.5 (a) and (b) are strain distribution histogram for
weight 0.1 at peak diastole and systole period, and (c) and (d) are strain distribution
histogram for weight 0.5 at peak diastole and systole period
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where v is fluid velocity, n is normal vector that is facing outward of the fluid domain, and
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Figure 3.19 shows the outlet flow power during the cardiac cycle for both designs. Due to
large OA, optimal design has higher outlet flow power than baseline design. It is clearly
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Figure 3.11: LHS sampling plan
Figure 3.12: Left: LHS sampling points evaluation, right: SMF optimization process after
initial sampling points evaluation
observed that larger orifice area reduces the transvalvular pressure gradient and increase
blood flow energy efficiency from left ventricle to aorta. However, the orifice area is improved
by only 3%, hence the difference of outlet flow power or energy efficiency between baseline
and optimal design is not significant. Inlet flow energy, outlet flow energy and flow energy
efficiency for baseline and optimal design are summarized in Table 3.6.
Figure 3.20 and 3.21 show several snapshots of FSI simulation for baseline design and
optimal design. From FSI simulation, it is also observed that due to the large leaflet size,




Figure 3.13: Baseline design and optimal design
Table 3.5: CA and OA for baseline design and optimal design and the improvement of OA
and CA
Coaptation area Coaptation area Orifice area Orifice area
(cm2) improvement (cm2) improvement
(%) (%)
Baseline
design 1.0285 - 2.5630 -
Optimal
design 1.4360 39.6203 2.6409 3.0340
Table 3.6: Inelt and outlet flow energy and flow energy efficiency for baseline and optimal
design
Inlet flow energy outlet flow energy Flow energy
(kJ) (kJ) efficiency(%)
Baseline design 19.0067 17.4142 91.62




Figure 3.14: Closing behavior at peak diastole period and coaptation illustrations for base-





Figure 3.15: Left: Orifice area for baseline and optimal design. Right: Overlapped image of
baseline and optimal design (red trasparent surface with red edge represent optimal design,





Figure 3.16: Strain contour for baseline design and optimal design at peak diastole and
systole period
(a) (b)
Figure 3.18: Strain distribution histogram of all elements in the leaflet for baseline and
optimal design (a) is at peak diastole period and (b) is systole period
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Figure 3.19: Outlet flow power for baseline and optimal design during the cardiac cycle
Flow Speed
(cm/s)
t = 0.0 (t = 0.86) s t = 0.02 s t = 0.04 s
t = 0.33 s
t = 0.2 st = 0.08 s
t = 0.335 s t = 0.34 s t = 0.37 s t = 0.6 s
Figure 3.20: Volume rendering of the velocity field at several points during a cardiac cycle




t = 0.0 (t = 0.86) s t = 0.02 s t = 0.04 s
t = 0.33 s
t = 0.2 st = 0.08 s
t = 0.335 s t = 0.34 s t = 0.37 s t = 0.6 s
Figure 3.21: Volume rendering of the velocity field at several points during a cardiac cycle
for optimal design. The time t is synchronized with the pressure profile in Figure 2.8
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CHAPTER 4. DISCUSSION AND CONCLUSION
In this thesis, BHV design is optimized by using isogeometric analysis and surrogate
modeling to increase the CA and OA. The main objective to increase CA is to prevent
the blood regurgitation from the aorta to left ventricle during the closing. In addition, the
objective of increasing the OA is to reduce the pressure gradient during the systole period.
Thus, both increased CA and OA reduce the workload of the left ventricle.
To accelerate the optimization process, correlation study is examined between FSI-
periodic pressure simulation and other three simulations: structural-constant pressure sim-
ulation, structural-periodic pressure simulation, and FSI-constant pressure simulation. The
correlation coefficient between FSI-periodic pressure simulation and the other simulations
are close to or above 0.9. Therefore, the structural-constant pressure simulation is used to
optimize the BHV design because it produces the CA and OA at least 20 times faster than
other three simulations.
To increase both CA and OA simultaneously, weighted sum method, which is a common
method to deal with multiple objective optimization problem, is used. When the CA and
OA are equally weighted, the CA is more increased than baseline design, but the OA is
decreased. Hence, the weight of the objective function is determined by calibrating the
weights. 6 different weights are used to calibrate the weight of the objective function.
Based on the weight testing result, the most reasonable weight to increase both CA and
OA is 0.3.
After the optimization process, the optimal design has 40% improved CA, and 3%
improved OA. In order to increase the CA, the optimal design has larger total leaflet area
by increasing the curvature of the belly region of the leaflet. Moreover, it has lower leaflet
height to increase the OA.
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The baseline design and the optimal design show different behaviors during the systole
and diastole period. However, the strain distributions along the leaflet are not considerably
different. Thus, the optimal design presents better performance than baseline design in
terms of CA and OA, but the strain distributions of both designs, which affect the lifetime
of the leaflet, are similar.
Large CA of the optimal design reduces the flow regurgitation more than baseline design.
However, the optimal design has only 3% larger OA than baseline design. Due to this
reason, the differences of outlet flow power and flow energy efficiency between baseline
design and the optimal design are not significant. Consequently, the optimal design has
better performance to prevent the flow regurgitation during the diastole period. At the
same time, it has similar flow efficiency during the systole period with baseline design.
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